Abstract. Several factors have been proposed to confer a risk for abortion of the embryo. However, the aetiology of spontaneous abortions remains unclear. In the present study we investigated if an increased mutational rate occurs in the embryonic tissue and whether this phenomenon is associated with recurrent miscarriage. The mutational rate was assessed in 30 spontaneously aborted embryos using a bank of 8 highly polymorphic microsatellite markers, each one located on a different chromosome. The microsatellite sequences of DNA extracted from distal sites of each embryo were amplified by the polymerase chain reaction and the electrophoretic patterns were compared. Shifts in the mobility of the microsatellites indicating instability were scored for 12 among 30 (40%) specimens, thus suggesting that microsatellite instability (MI) is a relatively common feature of spontaneously aborted embryonic tissues. Association was found between instability and the absence of normal childbirth: 11 among 18 cases without a normal childbirth exhibited evidence of MI while only one among 12 cases with normal childbirth was positive for MI. Our results suggest that instability at microsatellite sequences which indicate decreased fidelity in DNA replication and repair are associated with the recurrent abortion of the embryo, particularly in cases without a normal childbirth.
Introduction
The precise mechanism of recurrent abortions remains obscure, although several factors have been proposed to confer in the pathogenesis of this phenomenon (reviewed in ref. 1) . These factors include anatomical disorders (2, 3) , chromosomal alterations and genetic causes (4-7), endocrine factors (8, 9) , reproductive tract infections (10) Key words: microsatellite instability, spontaneous abortions (11) or even psychological causes (12) . However, a significant subset of the cases is not associated with any of the forementioned situations, indicating the presence of additional factors that confer to the recurrent rejection of the embryo. In the present study we investigated whether decreased fidelity in DNA replication, reflected in the instability of the microsatellite DNA, may play a role in the pathogenesis of recurrent abortions.
Microsatellite instability (MI) reflects elevated mutational rate. Initially this phenomenon was recognised in colorectal cancer (13) (14) (15) and later extended to other sporadic tumours including endometrial (16) , breast (17) , lung (18) and head and neck cancer (19, 20) . The precise mechanism of this alteration remains unknown, however, it has been proposed that it is the result of decreased fidelity in DNA replication and repair through strand misalignment (21) . Although these sequences are functionally neutral, MI reflects an increased mutational rate that may affect other genomic sequences including active genes with consequences in the normal cell growth and differentiation.
The detection of MI in aborted embryonic tissues would be a challenging explanation for the rejection of the embryo, since the elevated mutational rate of this phenomenon, suggests the mutational activation (or inactivation) of genes that may cause the termination of the pregnancy. Thirty aborted embryonic tissues were analysed by means of polymerase chain reaction (PCR) using a bank of 8 polymorphic microsatellite markers and demonstrated that this subchromosomal alteration is a relatively common event in recurrent miscarriages.
Materials and methods
Specimens and DNA extraction. Thirty spontaneously aborted embryonic tissues were obtained from the University Hospital of Heraklion, Department of Gynecology. All the specimens consisted of at least 95% embryonic tissue. Tissues were taken at the time of rejection and frozen in liquid nitrogen until DNA extraction.
Genomic DNA was extracted from the frozen tissues as previously described (20) . Two sections from distal sites of the embryo were obtained from each specimen. DNA samples were stored at 4°C. Representative examples of specimens exhibiting microsatellite instability. A and Β correspond to distal sites of the embryonic tissue. Only cases with an apparent shift in the mobility of the microsatellites were interpreted as MI positive. Cases with allelic imbalance could indeed be due to the generation of a novel microsatellite allele but also the result of a chromosomal aberration (trisomy or aneuploidy). However, in several cases allelic imbalance co-existed with a shift, i.e. in cases 3, 10 and 17 for the markers D6S344, D19S49 and HRM respectively. In the rest of the cases a shift in the mobility of the microsatellites was apparent by comparing the two electrophoretic patterns. (7) 1 (3) 3 (10) 1 (3) 5 (17) 2 (7) Microsatellite analysis. Eight microsatellite markers, each one located on a different chromosome, were used (Table I ). All the markers were dinucleotide repeats apart from the marker HRM which is a six nucleotide repeat (19) . PCR reactions were performed in a 12.5 μΐ reaction volume containing approx. 100 ng of genomic DNA, 500 μΜ dNTPs, 10 pmol of each forward and reverse primer, 1.25 μΐ of 10X buffer (670 mM Tris-HCl pH 8.5, 166 mM ammonium sulphate, 67 mM MgCl 2 , 1.7 mg/ml bovine serum albumin, 100 mM ß-mercaptoethanol and 1% (w/v) Triton-X-100) and 0.3 U Tag polymerase. The reactions were denatured for 5 min at 95°C and the DNA was subsequently amplified for 28 cycles at 95°C, 58-60°C and 72°C, 30 sec each step. 5 μΐ of the PCR product was electrophoresed in a 10% Polyacrylamide gel and silver stained. MI was scored after the comparison of the electrophoretic pattern of the microsatellite markers amplified from the paired DNA preparations that corresponded to different sites of the embryo. Only cases with a mobility shift were interpreted as positive for MI and not cases with an allelic imbalance because this might be due to the chromosomal aberrations.
Results
The incidence of MI was assessed in 30 spontaneously aborted embryonic tissues using a bank of 8 polymorphic microsatellite markers. MI was apparent in 12 (40%) among 30 cases (Table II) . Six specimens exhibited evidence of one affected marker only, five specimens of two affected markers while one case exhibited MI in 3 microsatellite markers.
In several cases MI was accompanied by allelic imbalance (Fig. 1) which is in agreement with the observation that chromosomal aberrations are common in aborted material (4) . A similar phenomenon of concurrent MI and allelic imbalance was described in tumour specimens from head and neck cancer (20) .
Association was investigated between MI and the following clinicopathological parameters: Age of the embryo, age of the mother, number of previous spontaneous abortions, normal childbirth and the presence of IgG and IgM antibodies for the herpes simplex virus (HSV) type 1 and type 2 or the human cytomegalovirus (CMV). Association was found only with the existence of a normal childbirth (Table III) : 11 out of 18 cases (61%) without normal childbirth exhibited evidence of MI in at least one microsatellite marker while only one among 12 cases (8%) with normal childbirth was positive for MI which is highly significant (χ 2 , P<0.01). This finding indicates that indeed MI or decreased fidelity in DNA replication plays an aetiological role in the rejection of the embryo, particularly in the absence of a pre-existing normal childbirth. The incidence of MI varied considerably in different microsatellite markers: Two markers (THRA1 and D6S344) exhibited evidence of instability in 5 cases while the marker D7S531 was negative for all the cases tested (Table III ). This may indicate that different markers exhibit variable levels of sensitivity for instability.
Discussion
The precise mechanisms that result in the rejection of the embryonic fetus remain unclear. Factors with aetiological association with this phenomenon include anatomical disorders, genetic alterations (mainly studied at the chromosomal level), endocrine factors, the presence of infectious agents, immunological and psychological causes (1) .
In the present study we demonstrated that instability of microsatellite DNA sequences is a detectable phenomenon in spontaneously aborted material and probably aetiologically associated with the pathophysiology of the recurrent miscarriage.
We analysed the incidence of MI in 30 spontaneously aborted embryonic tissues, using a bank of 8 highly polymorphic microsatellite markers. The methodological approach of our study exhibited two main limitations that may result in the underestimation of the results: (a) We scored as MI + only the cases with a shift in the mobility of the microsatellite alleles and not those with transitions from heterozygosity to homozygosity because this could also be due to an allelic imbalance which is a common event in aborted material, (b) We compared the PCR amplification patterns of DNA extracted from distal sites of the embryonic body. However, this does not guarantee that the corresponding cells arise from distal cell clones in the ontogenesis of the embryo and thus increase the probability for the detection of MI.
Regardless of the forementioned limitations, we detected MI in at least one marker in 40% (12/30) of the cases. The absence of normal control tissue due to ethical restrictions did not permit the assessment of the background incidence of MI in normal embryos. However, in vitro experiments in cell lines have demonstrated that the MI rate in normal cells (corresponding to the background levels of MI) is less than 10" 5 per allele per duplication (22) which is very low and argues strongly in favour of the high MI incidence in spontaneously aborted embryos. It might be argued that MI in particular cases represents an artefact of the methodo logical approach, i.e. particular DNA preparations could have significant proportion of maternal DNA and thus MI would actually be the result of the comparison between the maternal and the embryonic pattern. However, in this case we should expect to observe MI in the samples to affect all the markers tested, but this did not occur and thus MI, indeed reflected instability at DNA microsatellite sequences of the aborted embryonic tissue.
A strong trend was found between MI and the absence of a normal childbirth: MI was more common (11 out of 18 cases) in the cases without a normal childbirth, while in the cases with at least one childbirth evidence of MI was found in only one among 12 cases (χ 2 , P<0.01). These findings associate the replication error phenotype (MI + ) with the disability of normal childbirth.
Although the microsatellite DNA sequences are transcriptionally inactive, instability may have consequences in the nucleosome phasing, in erasing genomic imprinting, inducing frameshifts or mutating enhancers or promoters. Furthermore, we may postulate that the apparently high mutational rate affects other active genomic sequences which may result in the termination of the pregnancy. In the case of colonic tumours, TGF-ß, type II receptor was shown to be among the main targets of instability (23) . Similarly, the detection of the target(s) of MI in the case of recurrent miscarriage is required, in order to evaluate the significance of this phenomenon. It would also be informative to assess the DNA repair efficiency in spontaneously aborted embryonic tissues by functional assays. This would be a direct confirmation (or rejection) of the hypothesis that MI in these specimens is the result of decreased fidelity in DNA repair efficiency. A similar approach was followed for cases with familial colorectal cancer and cell lines that exhibited MI and indeed it was found that the replication error phenotype was accompanied with decreased efficiency in the repair of DNA (24) .
Instability at simple repeated sequences has been found not only in tumours but also in neurodegenerative diseases such as Huntington's disease, the fragile X syndrome, etc. (25) . A significant difference between these types of instability is that MI in cancer affects almost all the markers examined, while in the case of the neurodegenerative diseases, instability is detectable at particular markers only, probably associated with specific genes. The demonstration of MI in aborted material reveals similarities with the phenotype of the tumour cells and can be interpreted as the déstabilisation of the whole genome due to decreased DNA repair efficiency.
Apart from the understanding of the basic mechanism of the spontaneous abortion, the detection of MI in recurrent miscarriages may have important clinical applications. These include the evaluation of a probability for the rejection of the embryo, particularly in the cases without a normal childbirth and thus the assessment of the risk of a particular pregnancy. It would also be of particular interest to assess MI in aborted material in comparison with the haplotype of both parents and examine whether instability occurs more frequently in the maternally or paternally derived allele. This may provide evidence for a type of imprinting in instability or alternatively for the stage (gametic or postzygotic) this phenomenon was initiated. The development of sensitive molecular techniques makes this methodology applicable since MI can be detected even from a single DNA preparation, after the serial dilution of the sample (26) .
Apart from MI an additional alteration at the DNA level is proved to play a significant role in the recurrent abortions. Chromosomal aberrations are involved in approximately 50% of the cases, particularly in the first trimester of pregnancy (1) . The present findings suggest that genomic instability is extended to the subchromosomal level as well, affecting microsatellite sequences.
In the present investigation we analysed the incidence of MI in spontaneously aborted embryonic tissues and showed that MI is a detectable phenomenon in these specimens. Therefore we postulate that MI possesses an aetiological role in recurrent rejection of the embryo. The precise molecular mechanism and the clinical application of these findings should be clarified with further experiments.
